This study investigated the dispersal pattern of suspended sediment in the areas near the Stenhouse and Ajax glaciers, Visca Anchorage, Martel Inlet, King George Island, Antarctica. This study was conducted using visible band processing of Quickbird high-resolution spatial images obtained in October 2006. The methodology was also based on the collection and interpretation of data obtained from water samples collected in Admiralty Bay in December 2004. The digital processing of satellite images was performed using a classification method based on the reflectance characteristics of water. The classified images improved visual identification of the dispersion pattern of suspended sediments in the study area. These data were related to the interpretation of analyses conducted on suspended particulate matter (SPM) in the water. The sediment dispersal pattern observed may be associated with glacial erosion processes, their input of meltwater from the front of the glaciers into the study area, detritus flow processes and glaciomarine circulation in the region.
Introduction
Climate change has been observed by several researchers studying the Antarctic continent, and one example of its effect is the retraction of some glaciers on the Antarctic Peninsula, such as the Stenhouse and Ajax glaciers, both located in the Martel Inlet on King George Island (Figure 1) .
The ice masses on King George Island flow from the domes through drainage basins of varying sizes and topographical conditions.
At the Martel Inlet, glaciers located in areas with a steep surface gradient, such as the Ajax and Stenhouse glaciers, have relatively fast flow with many fractures. The breaking of the glacier fronts that flow into the inlet typically form growlers [1] .
The climate on King George Island is determined by successive passages of cyclonic systems that mostly originating in the southeastern section of the Pacific Ocean. These systems bring relatively warm and moist air. The climate shows small variations in atmospheric temperature throughout the year and high relative humidity (approximately 82%) [2] [3] .
Over the past 30 years, the number of days per year with liquid precipitation in the summer and number of days when the mean temperature exceeded 0˚C have both increased, which increase the melting of snow and ice from the island's glaciers [4] [5] . Since 1950, several authors have reported glacier retreat on the island [6] - [8] [9] . The pattern of glacial retreat reflects a trend toward atmospheric warming in the peninsula region since 1940 [1] [6] [10] [11] .
Deglaciation-related changes cause significant alterations of the Inlet's sediment dynamics, thus affecting the marine ecosystems of these environments [12] . The data from this study therefore contribute to the ongoing monitoring of the region to track the effects of environmental changes and also contribute to investigations regarding how these changes influence glacial sedimentation processes in the study area. Martel Inlet, is in an important area for such research because it connects current glaciomarine sedimentation processes with processes controlled by climate and glaciological and oceanographic conditions.
The Admiralty Bay water body has complex hydrography with tide-and wind-driven currents that influence circulation in the fjord. Pruszak (1980) [13] described the circulation patterns of surface waters. In the initial 100 m, the water layer has currents with a speed of 0.3 to 1.0 m·s −1 . According to these data, as it reaches 4.0 m·s wind has a great influence on surface water movements, and this influence reaches 30 m deep. The temperature on the shores of Admiralty Bay can reach 5.3˚C in the summer, but in the vicinity of tidal glaciers, can be as low as −1.6˚C [2] . Water salinity changes markedly in the summer because of the intense inflow of meltwater. The presence of meltwater with high concentrations of suspended sediment contributes to the decrease in salinity [14] .
These glaciomarine environments associated with tidal glaciers are characterized by their significant contribution of fine sediments, known as suspended sediment plumes, mixed with coarse sediments deposited by gravity flow in the area proximal to the endpoint of the glaciers [15] . The sediments circulate within the bay's water body and form a turbidity plume with maximum concentrations at depths of approximately 40 meters. The plume generation mechanisms are attributed to upwelling flows caused by subglacial melt currents (because of different degrees of water body densities penetrating the fjord), which rise to the surface layers, where they reach a plateau, and generate turbidity currents at medium depths and water masses of low salinity along the surface. A surface layer of less saline water is formed by melting surface snow from the glacier and liquid precipitation in the fjord, and the influence of this layer can extend to a depth of 75 meters [2] [14] .
This study aims to analyze the pattern of sediment load dispersion in the water system in locations near exposed coastal portions and the Stenhouse and Ajax glaciers that flow into the Visca Anchorage, Martel Inlet, King George Island, Antarctica (Figure 1 and Figure 2 ). 
Methodology
Digital processing was performed with multispectral scenes of the QuickBird sensor, obtained in October 2006, with a spatial resolution of 0.61 and 2.4 m. The image obtained with atmospheric correction was orthorectified using a UTM projection and WGS-84 datum. An image analysis based on linear enhancement techniques for better visualization of reflectance changes was performed with visible bands because of the reflectivity of sediment suspended in the water in this spectral range. Image classification was performed using an image segmentation technique to define the samples (training areas) by similarity thresholds between the pixels and the application of the Maximum Likelihood supervised classification algorithm using the parametric method. Geoprocessing techniques are an important spatial analysis tool that allows various geomorphological processes to be monitored, including spatial and temporal distribution patterns of suspended sediment in estuaries [16] .
Sampling (Figure 3 ) where water samples were collected from the surface, middle and bottom layers for analysis of the following parameters: water temperature, salinity, suspended particulate matter (SPM), suspended particulate organic matter (SPOM), pH and dissolved silicate (a major nutrient for marine primary production that has a terrestrial origin). The samples were collected using Go-Flo Hydrobios ® bottles. Salinity was measured in a Mod RS-10 Beckman ® inductive salinometer with ±0.005 precision. An analysis of SPM and SPOM was performed using the gravimetric method described in [17] using a Whatman ® GF/F fiberglass filter with a nominal porosity of 0.45 µm and ±0.01 mg·L −1 precision. The concentration of dissolved silicate was analyzed using the colorimetric method described in [18] with a precision of ±0.01 µmol·L −1 . pH was determined using an Orion ® portable pH meter with a precision of ±0.001, and temperature was measured in situ using protected reversing thermometers, which were accurate to ±0.02˚C, connected to the Go-Flo ® Hydrobios bottle.
Results and Discussion

Sediment Spatial Dispersion at Martel Inlet
The spatial dispersion patterns of the SPM plumes were identified by digitally processed satellite images (Figure 4 and Figure 5) .
The data obtained corroborate previous publications [19] and suggest a high production of fine sediments in these glaciers through subglacial flow, most likely because of melting processes that may indicate a humid basal thermal regime.
In the investigation of sediment transfer to Admiralty Bay, the role of the thermal regime, slope, flow rate conditions, topography, extent of the ice mass and degree of retraction should all be considered.
The Ajax glacier has a higher slope ( Figure 6 ) as a function of topographical gradient but a relatively lower proportion of turbidity in its frontal zone ( Figure 5) .
The processed images show a turbidity zone in the proximal area of the Ajax and Stenhouse glaciers. These glaciers are characterized by an accelerated and continuous retreat process (Figure 7 and Table 1 ) and ice near its melting point under pressure. The glacial retreat process observed in the study area may be accompanied by an increased supply of meltwater into the glaciomarine environment, which can interfere with the local ecosystem and cause changes in salinity levels. The spatial configuration of the turbidity plume shows conditioning by currents influenced by wind. The highest concentration of suspended material occurs in the proximal zone of the Stenhouse glacier, which has a greater glacierized area, higher retreat rate, a high slope, and most likely high ice flow speed, conferring a high capacity for transporting sediment.
Differences in the suspended sediment concentrations observed according to the month in which the image was obtained should be considered because these differences demonstrate seasonal control, according to weather conditions, in the discharge processes of suspended sediment by the glaciers [12] [19] . Similarly, the distribution of suspended sediments is influenced by the tide variation process and hydrodynamic characteristics of the inlet [19] .
Hydrogeochemical Conditions
The data obtained from the waters of Admiralty Bay in December 2004 such as temperature (˚C), pH, salinity, dissolved silicate (µmol·L ) and percentage of organic matter are illustrated in a box plot graph (Figure 8) .
Water temperature ranged from −0.85˚C to 1.86˚C. The minimum was observed at station 25, which was located in the inner portion of Martel Inlet next to the Stenhouse and Ajax glaciers. Salinity (Figure 9(b) ) varied from 33.70 (closest to the front of the glaciers) to 34.60. The lowest salinity and temperature values were related to the influence of colder and less saline meltwaters (Figure 9(a) and Figure 9(b) ). ) were observed in the study area, which, in general, can be attributed to the influence of the meltwater in this region, which carries sediments to the surface layer.
During the winter, with the formation of sea ice, bodies of water have been associated with higher salinity values. The action of this mechanism tends to inhibit the settling of suspended particles. In the summer, with increased meltwater flow, salinity becomes lower, which accelerates an stratification mechanisms.
Higher concentrations of SPM were observed in Martel Inlet (stations 22 to 25) (Figure 9(e) ) compared to Mackellar Inlet (stations 18 to 20), as observed by [12] . The latter authors related this result to a greater resuspension of particulates from the currents and tides because the Martel Inlet is relatively shallow (approximately 40 m deep) and is a periglacial area where there is a greater contribution of particulate matter into the water system by meltwater discharge. The same pattern can be observed by the high concentration of silicate in this area (Figure 9(d) ).
Paraglacial processes, such as detritus flow on exposed and steep slopes, can also transfer sediment to the fjord (Figure 10) .
Cluster analysis (Figure 11) showed the parameters divided into two groups based on the euclidean distance. SPM, silicate and salinity were classified in the same group, indicating that these parameters followed the same pattern, being influenced by similar processes, such as thawing and resuspension of sediments as described above.
It was observed that in the northern region of the Bay (inner section) salinity, temperature and pH are lower than in the south (towards the Bransfield Strait), while values of dissolved silicate, MPS and MO are higher. This can be attributed to the influence of the meltwater in this region, which carries materials for the superficial layer of the ocean. The opposite occurs in the southern portion, showing higher marine influence. The continental influence on the northern portion of the bay and the marine influence on the southern portion has also been reported by [20] , who analyzed sediment data collected in January/February 2003. These authors observed that the elemental sediment composition was associated with particle size characteristics, reflecting their lithogenic origin associated with hydrodynamic processes in Admiralty Bay, which were less intense in more protected areas (northern portion) with important terrestrial inputs in the coastal region.
Conclusions
The processes of glacier retreat on King George Island reflected the climatic variability over recent decades and a significant inflow of suspended sediment from tidal glaciers was observed flowing into the marine environment and concentrating in some areas.
The sediment plumes identified at the surface of the inlet in the zone proximal to the front of the Stenhouse and Ajax glaciers were mainly related to the inflow of meltwater from subglacial channels, directly through the glacier terminus and via subaerial processes.
Studies monitoring these processes in the study area are important because these processes have a considerable effect on coastal marine life. The data obtained by field sampling, remote sensing and digital image processing revealed information regarding the spatial variability of SPM concentrations in glaciomarine environments. SPM concentration is one of the most important oceanographic parameters in glacial environments because its spatial distribution can be used to infer the variability of ablation processes of glaciers located in the study area and contribute to the understanding of the dynamics of oceanographic coastal processes.
Because the spatial distribution pattern of SPM concentration in front of the glaciers was linked to inflow processes from the glaciers, it was possible to investigate meltwater discharge and sediment production processes of the glaciers, thus inferring their thermal regimes. These processes may reflect the climate variability observed in the study area.
This methodology has a potential use in the monitoring of retraction-related processes, such as increased sediment inflow into the inlet associated with the discharge of meltwater. A quantitative analysis of the concentration of suspended matter in the fjord was difficult to obtain using digital image processing because the signal obtained by the sensor included information from the entire water column. It was also difficult to obtain optical images without the presence of cloud cover in the study area, which hindered the monitoring of active processes associated with glacier retreat in a temporal analysis. These processes are thus difficult to investigate and monitor because of the low temporal resolution of the images obtained, but association with data obtained in situ in the water system is an important tool to validate image processing.
